Cu spin reorientation in TI(BaSr)PrCu ,0;,
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The Cu spins in TIBsPrCu,0, order atTy~370 K with a spin structure that is collinear and is
characterized by thé331} wave vector, where the nearest neighbor spins are aligned antiparallel
along all three crystallographic directions. If 50% of the Ba atoms are randomly replaced by the
smaller Sr atoms to form BaSpPrCu,0,, the Ty of the Cu spins reduces to 350 K but the
magnetic structure that forms beldly, is the same. However, 8t=~20 K the Cu spins undergo a
change in structure, and the spin arrangement is then characterized {gystheave vector below
T~12 K. The ground state spin structure of the Cu ions iB&BH)PrCy,0; is hence noncollinear,
where the spin directions of the nearest neighbor Cu ions irath@lane remain collinear and
antiparallel while along the axis they are orthogonal. These results demonstrate that the atoms in
the BaO layers are also actively participating in the coupling between the Cu ion499®
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There are two copper—oxygen layers per unit cell intal was used to extract neutrons of energy 14.8 2351
TIBa,PrCyp,0,, and both of them are the so-called A). A PG filter was also employed to suppress higher order
“CuO,-plane” layers in which O atoms are present betweenwavelength contaminations, and the angular collimations
the Cu atoms along both teeandb axes® Neutron diffrac-  used were 4048-48'. About a 10 g powder sample was
tion measuremertthave shown that the magnetic coupling mounted in a cylindrical aluminum can, and a pumpeie
between the Cu spins is antiferromagnetic in nature, and thegryostat was used to cool the sample.
order atT,~370 K with a spin structure that is identical to Neutron diffraction patterns were taken at several differ-
the “plane ordering” observedn the 1:2:3 system where the ent temperatures to study the intensity variations with tem-
nearest neighbor Cu spins are aligned antiparallel along aperature. Similar to what has been obsefhiadrBa,Cu,0;,
three crystallographic directions. The moment direction is inthe {331} magnetic reflection that characterizes the Cu spin
the tetragonalab plane with a saturated ordered momentordering is observed below 350 K. However, beldw20 K
(u,)=0.59 ug, and this spin structure of Cu remains un- this intensity was found to decrease. Figure 1 shows the dif-
changed down td=1.36 K. Specific heat datalso show a ference between the diffraction patterns takerlatl5 K
sizable linear term that is comparable to that found in heavyand T=50 K. The solid curve is a fit of the observed Bragg
fermion systems. peaks to the Gaussian instrumental resolution function, with

To study the role that the atoms in the BaO layers play inthe dashed line being the base line, and the indices shown are
the Cu magnetism, neutron diffraction aad susceptibility = based on the chemical unit cell. A negative amplitude was
measurements have been performed on tkBaB)PrCu,0,  obtained for theg331} peak, clearly indicating a reduction in
compound, where 50% of the Ba atoms in TJBECuO, the {331} intensity as the temperature is reduced from 50 to
have been replaced by Sr atoms. Structural analysis via high5 K, while the intensities of both thig33} and {333} reflec-
resolution neutron diffraction has shown that the Ba and Stions increase. Hence there is a change in the magnetic struc-
atoms in T(BaSpPrCuy0O; are randomly mixed in such a ture, with the magnetic unit cell doubling in size along the
way that on average there are tiBg, sSr, 5)O layers, rather  axis.
than one BaO and one SrO layer, in a unit cell. The magnetic A more complete temperature dependence of the mag-
studies that we are reporting here show that the replacementtic intensities is shown in Fig. 2, where the peak intensities
of Ba atoms by Sr causes only a slight reduction in the orof the {333} and the{311} reflections measured over a tem-
dering temperature of the Cu spins, but increases the satperature range of 1.4 to 450 K are presented. Clearly, the
rated ordered moment by 50%, and alters the ground statg31} intensity starts to develop &i~350 K. This intensity
spin structure of Cu ions. increases on cooling in the usual way, and reaches saturation

A polycrystalline sample of TBaS)PrCu0O, was pre- at T~220 K. At T=20 K, however, thd331} intensity starts
pared by the solid-state reaction from fine powders, and tho decrease, and at low temperatures no significant magnetic
details of the preparation procedure can be found elsewherentensity remains. This is accompanied by the development
Neutron diffraction measurements on the combined powdeof the {333} types of peaks, demonstrating that the Cu spins
samples were performed at the Research Reactor at the U.@dergo a change in structure.

National Institute of Standards and Technology. The data A half-integer value for the axis miller’'s index means
were collected using the BT-9 triple-axis spectrometer operthat the magnetic unit cell is double the chemical one along
ated in double-axis mode. A pyrolytic graphite @G2) crys-  that axis directiorf. We note that in each chemical unit cell
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FIG. 1. The difference between the diffraction patterns takem=at5 K
andT=50 K. As temperature is reduced from 50 to 15 K, {éél} intensity
decreases while the intensities of tfé%%} and{%%- reflections increase.
The solid line is a fit to the Gaussian instrumental resolution function with
the dashed line indicating the base line.
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there is one Cu ion along thee and b axes while there are ) ) ) ) )
FIG. 3. The Cu spin configurations observed itBES)PrCuy0; at(a) high

two along _the(_: axis’ The .magne'uc unit cell for the h|g1ﬁ- and (b) low temperatures. At high temperatures the nearest neighbor Cu
phase, which is characterized by t¢l} wave vector, hence spins alternate along all three crystallographic directions, while at low tem-
contains two Cu ions along each crystallographic directionperatures the nearest neighbor Cu spins along tagis are orthogonal.

The proposed Cu spin structure for the higtphase is a

collinear one, where the nearest neighbor spins alternate in

direction along all three crystallographic directions, as
shown in Fig. 88). The moments lie in thab plane; how-

ever, its specific direction with thab plane cannot be deter- tained for the Cu ions. This value of the ordered moment is

”.““ed from our powder measgrements. In Figa) 3ve _have 50% larger than the 0.585 obtained for TIBaPrCu,0;.
simply chosen the moment direction of the Cu spins to be : "
. . L . Below the second magnetic transition at 20 K the mag-
along thea axis for clarity. This is the same Cu spin structure . . g
2 7 netic unit cell along thec axis also becomes double the
as the one observed for TIFRrCy,0,,” TIBa,YCu,O,," and : . .
NbBaNdCLO. 8 Furthermore. by comparin thg21} in chemical one, which means there are four Cu ions along the
& ah i paring 2 ¢ axis in the magnetic unit cell. The simplest Cu spin ar-

rangement along the axis is the one where the spin direc-

10300 r—r—r—r—r S — tions of the nearest neighbor Cu ions differ by 90°. The
T1 (BaSr) PrCu,0, nearest neighbor spins along taeandb axes, on the other
A=2.352 & hand, remain antiparallel. This low-phase for the Cu spin
structure is noncollinear and is shown in Figb8 The pro-
posed spin structure is supported by the observed relative
intensity between thg33} and{333 reflections, assuming the

- magnitude of the moments on the two Culdyers are the
9100 : : 111

& same. Moreover, the value obtained {pt,) using the{s33
8800 . L . . intensity observed aT=1.4 K is the same value, within
9500 ' ‘ ' ‘ experimental accuracy, as the one obtained in the Tigh-
T1 (BaSr) Preu,0, phase. This result further supports the argument that the
9250 A=2.352 A ] downturn in the{31} intensity together with the develop-

ment of the{333} intensity are simply due to Cu spin reori-

9000 (1/2 1/2 1/2) ] entation.
A S ] At intermediate temperatures, i.e., below 20 K and above
87%0 ﬁ i I T ‘twﬁ‘wﬁf*ﬁ H v 12 K, the Cu spin structure may be obtained by superimpos-
! t H f I ing the structures of the high-and lowT phases, with a
100 200 300 00 500 weighting which depends on temperature. A noncollinear Cu
Temperature (K) spin structure such as the one found for the [byhase is
still obtained in this temperature range, but the angle be-
FIG. 2. Temperature dependence of tag{331} and (b) {333} intensites  tween nearest neighbor Cu spins alongc¢hexis varies con-
observed in TiBaSyPrCyO,. The ordering temperature of the Cu spins is tinuously with temperature.

determined to b& y~350 K, and the solid curve is a guide to the eye only. il ;
The downturn in the{%%ﬁlintensity at low temperature is accompanied by The ac susceptibility was measured using a Lake Shore

the development of thgts} intensity, and signifies a Cu spin reorientation /221 ac Suscept_ome_ter. Poly_crystallipe samplesbj were
to a new magnetic structure occurs in this temperature range. loaded into a cylindrical plastic container which has a height

tensity obtained af =50 K to the{001} nuclear intensity, a
saturated ordered moment (f,)=0.89+0.05 ug was ob-
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In summary, we have studied the Cu spin ordering in

22 ¢ - . T :
| T1({BaSr)Pr Cu,0, TI(BaSpPrCu,0; by neutron diffraction and ac susceptibility
:-1 ol A ac field=1 Oe ] measurements. By comparing the results obtained in the
2 . f=10000 Hz present study to that obtained previodsly TIBa,PrCu,0,
© it is clear that the atoms in the BaO layer are also actively
T participating in the magnetic coupling between the Cu ions,
= especially along the axis. Although both the Ba and Sr ions
- have a valence state oft2 replacing B&" by the smaller
<" Sr** should still lead to a modification of the hybridization
among the atoms in the unit cell. The present studies show
®7 120 170 220 270 EED that the coupling between the Cu spins along ¢haxis is
Temperature (K) ' affected more strongly by the substitution than those in the

ab plane. As 50% of the Ba atoms are replaced by Sr atoms,
FIG. 4. Portion of the in-phase component of the ac susceptibility measurethe T of the Cu spins is only slightly reduced, while the
as a function of tempergture. The solid line is a fitted Curie-Weiss curvegrgund state spin structure is Changed from a collinear spin
using the data collected in the temperature range 0f_3_0—200 K. Th(_a susce tate into a Complicated noncollinear spin state. It would be
tibility shows a sudden drop around 240 K, that signifies the Cu spin disor- . ) )
dering. interesting to see how the Cu spin structure is changed by
different degrees of substitution.

The research at the NCU was supported by the National
much greater than its radius, and a conventidié flow  Science Council of the Republic of China under Grant No.
cryostat was used to cool the sample, with a lowest achieWWSC 84-2112-M-008-021.
able temperature of 4.5 K. Figure 4 shows a portion of the
in-phase component of theec susceptibility measured with a 171, Manako, Y. Shimakawa, Y. Kubo, T. Satoh, and H. Igarashi, Physica C
driving magnetic field of 1 Oe and frequency*18z. Mea- 156, 315(1988.

surements made using a different field strength or a different W- T- Hsieh, K. J. Chang, W.-H. Li, K. C. Lee, J. W. Lynn, C. C. Lai, and
H. C. Ku, Phys. Rev. B9, 12200(1994).

frequeljcy gengrated the same results, indicating the Cu spig,,_ Li, J.W. Lynn, H. A. Mook, B. C. Sales, and Z. Fisk, Phys. Rev. B

relaxation rate is far beyond the frequency used, as expected37, 9844 (1988.

The low-temperature portion of the data shown in Fig. 4 may*P. A. Lee, T. M. Rice, J. W. Serene, L. J. Sham, and J. W. Wilkins, Comm.
; A \Wai i 1 on Solid State Phys. XIB, 99 (1986.

be Well.desgrlbed by the Curie—Weiss law, and the solid IlneSC. C. Lai, B. S. Chiou, Y. Y. Chen, J. C. Ho, and H. C. Ku, Physica0e

shown is a fit of the data tg,+C/(T+ 6) for 30 K<T<200 104(1992.

K. This Curie—Weiss behavior signifies the paramagnetic®G. E. BaconNeutron Diffraction 3rd ed.(Oxford University Press, Ox-

state of the Pr spins, which order 85 K. Around 240 K, ~_ford, 1975. , _

the susceptibility is seen to depart from the Curie—Weiss line ;'u 2’2;“'@" gqjﬁ“fohlbﬁiffkgaJcsgmraﬁfaﬁh';'si'?;éés%f(lgég ran-

shown, which is where significant Cu spin disorder begins tosy_Rosov, J. W. Lynn, H. B. Radousky, M. Bennahmias, T. J. Goodwin, P.

occur. Klavins, and R. N. Shelton, Phys. Rev.48, 15256(1993.

6570 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 Li et al.

Downloaded-22-Jul-2005-t0-128.111.9.14.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



